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Abstract 
The Norwegian coastline is rugged with long fjords, and exposed to wind and waves from the North Sea. The fjords represent 
barriers to crossing traffic, and thus also to industrial growth in the coastal regions. Because of the many ferry connections in 
coastal regions, the Norwegian Public Roads Administration has always been searching for new ways to cross the fjords by fixed 
connections. During the last years limits have been stretched with regard to the use of slender suspension bridges as well as long 
and deep sub sea rock tunnels. However, there are still many ferry connections left. These are the most extreme fjord crossings,
where existing bridge building technology has to be developed further, and in addition, new knowledge and experience from 
offshore technology turns out to be of great importance. 
To develop new alternative fjord crossing methods, the Norwegian Public Roads Administration, Western Region, has 
organized a conceptual feasibility study of how to cross the wide and extremely deep Sognefjord. The experience from this study
will be of great value to other fjord crossing projects as well. In addition, the study may be of interest to projects in scenic inland 
lake areas and urban waterfront areas. The feasibility study focuses on crossing alternatives based on the use of water as a 
bearing element of the bridge structures. It includes different crossing methods such as suspension bridges, floating bridges, 
submerged floating tunnels (SFT), and combinations of these.  
The results from these studies, with focus on the use of submerged floating tunnels, as seen from the owners point of view are 
discussed in the paper. The use of new technology raises questions with regard to safety of the structures as well as to the traffic. 
The study also gives important knowledge about where the different alternative crossing methods can meet local conditions on 
different crossing sites with regard to width and depth of the fjord, exposure to wind, sea waves, and ships traffic. 
© 2010 Published by Elsevier Ltd. 
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1. The challenging remaining extreme fjord crossings 
The remaining ferry connections are the most “extreme” fjord crossing projects, where the depth and width are 
exceeding what is thought to be possible to cross by means of existing technology. In addition, some are exposed to 
storms and waves from the open sea. The width of these remaining fjord crossings may vary from 2000 to 5000m, or 
even more. Depth may vary from 300m to 600m, or even more than 1000m. In addition, the fjords have to be open 
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to free ships traffic. The fjords are visited by a number of cruise ships every summer. This traffic is increasing from 
year to year, and the cruise ships are being bigger and bigger, some already requiring free height of more than 65m. 
Today, there is no technology available to build fixed connections across these fjords. There are longer bridges 
around the world, but they are all crossing shallow waters. The remaining Norwegian fjords are too deep to put 
series of bridge piers out in the fjord. With regard to long free span of existing suspension bridges, the Akashi 
Kaikyo bridge, opened to traffic in 1998, still holds the world record with a main span of 1991m.  
Floating bridges are normally used in lakes, and are anchored to be kept in horizontal position. Due to the depth 
of the fjords, floating bridges are not supposed to be anchored except for the land abutments. The Nordhordland 
floating bridge (Norway), with a floating section of 1246m, is an example of a floating bridge with no side anchors.  
So far, no submerged floating tunnel (SFT), or Archimedes bridge, has been built anywhere. This structure 
allows ships traffic to pass on top of the floating submerged tube. Thus, this alternative fjord crossing method, may 
solve the problem with ships traffic. Many countries, among them China, Italy, Japan, and Norway, have contributed 
in developing new technologies to this unique straits crossing method. 
During the 1980ies and 90ies, the Norwegian Public Rods Administration developed a submerged floating tunnel 
to cross the Høgsfjord. The Høgsfjord is only 1400m wide and 155m deep, and was regarded a suitable location for 
the first submerged floating tunnel project in Norway (as illustrated in Fig. 1). 
In later years, feasibility studies have been performed in other crossing locations. The conclusions have been that 
it is possible to cross even wider and deeper fjords than the Høgsfjord, also crossings with rougher weather 
conditions, with a submerged floating tunnel.   
Fig. 1.  The proposed Høgsfjord SFT project, one of four alternatives 
On this background, the Norwegian Public Roads Administration, Western Region, started a conceptual 
feasibility study of how to cross the Sognefjord, the most extreme of the remaining fjord crossings. The study 
includes all types of fixed connections, but in this paper focus will be on the SFT alternatives. 
2. The feasibility study 
The Sognefjord is deeper than any existing strait crossing. Using traditional bridge building technology, the fjord 
has to be crossed with one main span. The main span of a suspension bridge will be close to twice the length of the 
main span of the existing Akashi Kaikyo bridge (as illustrated in Fig. 2), and about 400m longer than the main span 
of the planned Messina Strait Bridge. This represents a formidable challenge.       
The aim of the feasibility study is to answer two questions: Is it reasonable to think that extreme fjord crossings 
like the Sognefjord can be built during the next 10-15 years, and which alternative crossing methods are the most 
realistic. In addition, the results from this specific location should be of general value to other fjord crossing 
locations.  
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Safety is very important to new alternative crossing methods, and is a part of the study. Construction cost has not 
been a major question so far, but this and other aspects like maintenance problems, visibility and energy 
consumption will be studied in greater detail later. 
At the crossing site, between Oppedal and Lavik , the Sognefjord is 3700m wide and 1250m deep. In addition 
there is a layer of sediments of approximately 250m thickness on top of the bedrock. There is no island in the fjord, 
the shores going down to full depth at a steep gradient. The area is sheltered to ocean waves, with estimated 
significant wave height 0.2m and spectral peak period 13-14s. It is, however, exposed to wind generated waves, with 
significant wave height 2m, and spectral peak period 4-6s. Speed of current is about 1.5m/s at the surface, and might 
have opposite directions along the shores. At a depth of 80 m the current speed is estimated to 0.5m/s. The 
difference between high and low water is estimated to 3m during a 30 year period.  Difference in salinity is expected 
to +/- 0,7 % from the surface to a depth of 20m. Wind speed is set to 50m/s. 
As a consequence of low traffic volume, the highway only needs to be designed with two traffic lanes. A number 
of cruise ships are visiting the fjord every year. Consequently, to allow free passage of all types of ships in the future, 
the navigable ships channel has to be 300m wide, with free height 70m and free depth of 25m.  
Fig. 2.  The Sognefjord crossing compared to existing suspension and floating bridges 
3. Submerged floating tunnels alternatives 
Three different major groups of anchoring systems have been studied: 
 Anchored to the sea surface with floating pontoons. Horizontal loads have to be taken by the tunnel itself or 
by horizontal tethers. 
 Anchored to the sea bed with inclined tethers to gravity anchors. 
 Only anchored at the end abutments. This alternative is an old, and fascinating alternative, but so far most 
attention has been given to the two first ways of anchoring. 
Normally the SFT is curved slightly in the vertical alignment with the lowest point in the middle of the fjord, but 
it is also possible to let the curvature have its highest point in the middle of the fjord, in order to let water flow out of 
the SFT and into prepared water basins in the rock on both sides.  
3.1. Different SFT cross sections 
To the driver, a SFT might be regarded as a tunnel. Consequently all normal tunnel requirements are premises for 
the SFT study. That includes all requirements to design criteria like possibilities to emergency stops, evacuation of 
passengers, fire protection, and equipment like fans, drainage pumps, traffic monitoring systems, and so on. In 
addition, the owner wants the SFT to include a separate pedestrian lane. This lane might be combined with the 
escape tunnel, separated from traffic lanes with fireproof wall and doors, separate ventilation system, and so on. 
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The SFT structure might be made of concrete or steel, or combinations. Type of material and design of the tube 
walls will be further studied. One of the most important factors will be ability to withstand impact from ships, 
submarine collisions, or falling anchors without being seriously damaged. Thus, the design criteria will call for 
ductility and robustness in all important parts of the structure. 
Different alternative cross sections are being studied, circular, elliptic and rectangular. Also alternative cross 
sections with two parallel tubes, with connections, are included (illustrated in Fig.3). Optimization of the cross 
section will mainly depend on hydro dynamic effects, vortex shedding, and also structure strength, construction and 
economy. 
Fig. 3. Alternative SFT cross sections (single and twin tube) 
3.2. Alternatives with pontoons on the surface 
Anchoring of the SFT to the sea surface was one of the options studied, when developing alternative conceptual 
designs to the Høgsfjord crossing. For a fixed connection across the Sognefjord, this concept is considered favorable 
because of the great depth at the crossing site, together with the absence of heavy waves and swell from the North 
Sea. Anchored to the surface the SFT will follow the tidal movements, in the order of 2m, except for the part of the 
structure close to the land abutments. This will be no problem, as the long and slender structure will have the 
flexibility needed. The SFT will be ballasted to have a positive net buoyancy.  
Influence from waves and current, on the pontoons as well as the tube itself, will result in horizontal forces on the 
structure. For a 3.7km wide crossing it is not likely that the structure, even when curved like an arch in the 
horizontal profile, will have the sufficient stiffness to take these forces without any additional horizontal anchoring. 
Consequently alternatives with horizontal tethers to the shores are studied. One alternative is to have a continuous 
tension tether from shore to shore, curved contra wise to the SFT, and with connecting tethers to the SFT (as shown 
in Fig.4). Due to changes in salinity and bio-fouling the tethers will have neutral or small net positive buoyancy, and 
there must be free passage to ships traffic on top of them. The tethers might be traditionally steel tubes, or synthetic 
cables.
Fig. 4. SFT with horizontal tension tethers 
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   The distance between the pontoons will be in order of 300m, allowing ships traffic to pass between them in the 
middle of the fjord. 
Another way to increase the stiffness of the SFT is to combine two parallel tunnels, about 10m apart, and 
connected every 300m, where also the pontoons are connected to the SFT. This is illustrated in Fig. 5. In this 
alternative, there will be one-way traffic through each of the tunnels. The connections between the tunnel tubes will 
allow evacuation from one tunnel to the other in case of emergency. 
Fig. 5. SFT with twin tubes 
3.3. Alternatives with tethers to anchors on the seabed 
This alternative (illustrated in Fig. 6) is the most traditional SFT concept, and is included in the study, even 
though anchoring on 1250m depth does not favor this alternative SFT solution. The tube will have a strait alignment, 
except a slight curvature to control temperature forces in the structure, and to be sufficient for the drainage system 
inside the SFT. Both horizontal and vertical forces will be taken by inclined tethers. It is required that slack should 
never occur in the tethers, consequently the SFT must have a sufficient net buoyancy under any load, wave, current, 
salinity or temperature condition. On the other hand it is preferable to minimize the anchor forces.  
Tethers are placed in groups regularly spaced at about 300m. The number of tethers in each group will be 
sufficient to make the anchoring system redundant. Use of synthetic cables as an alternative to steel tube tethers will 
be studied, as well as tether configuration in each group. The tethers will be very long, and they have to be neutrally 
buoyant to avoid undesired deflection. The length of the tethers have to be adjustable, to compensate for long term 
movements of the gravity anchors on the muddy sea bed.   
Fig. 6. SFT with inclined anchors 
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3.4. Submerged floating tunnel in combination with floating bridge 
The feasibility study also includes different alternatives of SFT in combination with other fjord crossings 
concepts. This is, in fact, the first time such a combination is seriously considered. Alternative combinations of 
floating bridge and SFT might turn out to be very interesting, as the SFT part of the crossing will allow free ships 
passage, and the floating bridge will contribute to reduce total construction and maintenance cost of the fixed 
crossing.  
The simplest way to construct the link between the floating bridge and the SFT seems to be a big floating 
pontoon, anchored to the sea bed by tension tethers, with a spiral roadway inside the pontoon to link the roadway on 
the floating bridge to the roadway in the SFT, see Fig. 7. With the ships canal located in the middle of the fjord, the 
SFT has to span between two pontoons, otherwise the SFT might span between the pontoon and the shore. 
Fig. 7.  SFT in combination with floating bridge 
 If the ships canal is located close to the shore, another alternative is to construct the link between the floating 
bridge and the SFT as a long rectangular element where the roadway is given a steep gradient between the floating 
bridge and the SFT. In this case the SFT part of the structure might consist of two tubes, formed like a “Y” in 
horizontal projection, to take the horizontal forces working on both the floating bridge and the SFT.  
3.5. Building and installation 
Construction of the SFT might vary, according to the different alternatives. As the SFT structure consists of 
floating elements, the construction site does not have to be located close to the crossing site. Construction of 
elements like pontoons, tube sections and gravity anchors will take place in big dry docks or shipyards, according to 
whether the elements are made in concrete or steel. Then the elements will be towed to the assembly site, a sheltered 
area close to the crossing site.  
Installation will include different types of marine operations, known from installation of immersed tunnels or 
deepwater offshore installations. Installation will take place from one, or both of the shores, and tunnel elements 
installed elements by elements. Installation of the SFT is a complicated process, and will have to include temporary 
anchoring or pontoon systems, and use of tow-boats, to keep the SFT under construction in position at any time. 
Installation will set requirements to the weather conditions, and installation method must be optimized according to 
the length of the expected weather window at the crossing site.  
3.6. Operation and maintenance  
To the owner it is important that operation and maintenance are as simple and economic as possible. Outside 
inspection and maintenance by remotely operated underwater vehicles should be minimized. Elements with shorter 
life expectancy than the main structure should be easy to remove and replace by new ones.  
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4. Safety considerations 
The feasibility study has a specific focus on safety. When considering new alternative fjord crossings methods, 
safety is a very important aspect to the owner, and brings up a new set of questions to be answered. Two major 
aspects are: 
 Safety to the traffic and people inside the SFT 
 Safety to the SFT structure against severe damages and possible collapse 
To the owner the latter one will to a great extent be a question of economy, but also about public confidence in 
new crossing technology.  
To avoid critical damages to the SFT structure, vital elements in, or supporting the structure, must be redundant. 
Such elements will be pontoons, tethers, drainage pumps, monitoring systems, and so on. If one vital element is 
seriously damaged, sufficient capacity should still be present to prevent the SFT from collapsing. The design criteria 
will also take future changes in global climate into consideration. 
4.1. Possible threats 
The most serious threats to an underwater, floating structure comes from ships traffic. Placed at a depth of 25-30 
m, the SFT tube itself will not be hit by normal ships traffic, but the pontoons might be subject to ships collision. 
The pontoons will be divided into sections, and the sections may be filled with foam, to avoid sinking in case of 
ships collision. To avoid damage on the tube, a weak link will be made between the pontoon and the tube, and the 
loss of one pontoon should not cause a critical damage on the SFT. On both sides of the ships canal, there might be a 
set of two pontoons instead of one single pontoon.  
Sinking ship is one of the most serious threats to the SFT tube. Depending on the size of the ship and the way it 
hits the tube, this might represent an extra load that will cause collapse of the SFT. This will possibly also be the 
result if a submarine hits the SFT. Hence, a ships and submarines monitoring system will have to be established, 
making it possible to close the SFT to traffic in case of a serious threat. Drifting ship is another threat to the 
pontoons, but not as serious as the ships collision. However, this will cause an extra horizontal force on the structure. 
Falling or dragging ships anchors have to be considered as possible threats. As a consequence, the upper part of 
the tube might have an extra protection layer to prevent a falling anchor to penetrate the tunnel wall, or a dragging 
anchor to prevent the anchor chain from saw into the tunnel wall. Double steel hull, steel membrane on concrete 
wall, and so on, are examples of different ways to get a ductile fragmentation in case of a damage. 
A SFT might be subject to terror attack. This is a type of threat that is difficult foresee and to solve in terms of 
extra design criteria. Monitoring traffic in the tunnel might be the only way to detect a terror attack, and close the 
tunnel to traffic.    
4.2. Safety to the traffic 
To the owner safety to traffic has a higher priority than safety to the structure. Consequently, in case of a traffic 
accident, car fire, explosion and so on, there has to be an evacuation tunnel, separated from the roadway, through 
which people may be evacuated. In addition, in worst case, there should be sufficient time for safe evacuation of 
people inside the SFT, if a damage on the structure is so critical that it might lead to total a collapse of the SFT. 
In case of traffic accidents, car fires, and so on, the SFT will have to meet normal design criteria used for rock or 
immersed road tunnels. These include emergency stops, emergency exits, smoke ventilation, emergency lights, 
traffic monitoring and regulation, and so on. The evacuation tunnel will have separate ventilation and light systems, 
and be designed to allow ambulances to enter. 
4.3. Safety to the SFT structure 
A SFT might be constructed to stay afloat even when totally flooded, but to a very high extra construction cost. 
Repair of a flooded SFT might also be extremely expensive. However, in case of sinking ship on top of the tunnel, a 
total collapse of the SFT might be unavoidable. Consequently, the owner has to make his decision on the 
background of specific risk analysis to each individual SFT project. 
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As there until now is no SFT in operation, real life dynamic behavior of a SFT is never observed. To ensure 
sufficient strength, extensive model testing programs have to be done before final design start. However, in case of 
unexpected dynamic behavior, it is important to the owner that the most vital elements if necessary might be 
strengthened at any time after installation of the SFT.     
4.4. Environmental considerations 
Environmental considerations are expected to become of vital importance in the future. To the remaining fjord 
crossings, major concern will have to be given to aesthetics and energy consumption. To the SFT alternatives with 
pontoons on the surface, design and color will be important to reduce visual intrusion.  Furthermore it might be a 
question of how the pontoons possibly could be used to the public. 
5. Where are different SFT alternatives preferable 
5.1. Fjord and straits crossings 
Parallel to the development of SFT as a new fjord crossing method, there also is a continuous development of 
other traditional fjord crossing methods like suspension bridges and floating bridges. As for today, the SFT probably 
will not compete with other traditional crossing methods if the width of the fjord is less than 2km, unless non 
technical or non economic arguments are the most important. 
However, development of different SFT alternatives, contributes to optimize SFT alternatives to different 
crossing site conditions, thus making the SFT more competitive to traditional crossing methods. If different SFT 
alternatives are compared, the following characteristics might be of importance to the owner when considering 
alternative crossing methods: 
 Alternatives anchored to the sea surface with pontoons seems to be preferable when the crossing is not to wide, 
with depths greater than 600m, and where the fjord crossing is not exposed to ocean waves. These alternatives to 
some degree interfere with ships traffic, and the pontoons might have a negative impact on landscape and scenery 
on the crossing site. With regard to overall safety considerations, these alternatives are to a higher degree subject 
to possible ships collisions.  
 Alternatives anchored with inclined tethers might be preferable with wide crossings, and depths less than 600m. 
Restrictions on total length of the SFT will mainly come from tunnel safety, and economic, considerations.  
These alternatives do not interfere with ships traffic, and does not have any impact on landscape or scenery on 
the crossing site. If the crossing site is exposed to ocean waves these alternatives are still interesting, but the 
tunnel might have to be placed at greater depth to reduce the impact from the waves.   
5.2. Crossings in scenic and urban waterfront areas 
The feasibility study shows that in future there may be crossing methods meeting challenging considerations 
about environmental aspects and ships traffic. This might open new crossing projects, saving the environment and 
the waterfront in scenic, as well as urban areas, as shown in Fig. 8. Consequently, this feasibility study also should 
be of great value to inland lake crossings or bypass routes to cities with a waterfront. Projects who will have to meet 
an increasing demand to reduce environmental problems like visual intrusion, noise and pollution from highway 
traffic.  
The submerged floating tunnel, anchored to the sea bed, is not visible on the water surface, and it allows free 
ships traffic. It might end in a tunnel on both shore connections, leaving the shores untouched and free from traffic
noise and air pollution. The concept also will minimize total energy consumption by the traffic as the grades of the 
ramping system will be very gentle, compared to a sub sea rock tunnel or immersed tunnel. Also, shortening the 
driving distance and eliminating traffic congestion will give a further contribution to energy reduction. 
The submerged floating tunnel might be built in a dock far away from the crossing site and installed during a 
short time period, thus reducing annoyance during construction to a minimum. In a lake, or in a sheltered urban area, 
environmental forces are at a minimum, and would therefore, be a good location for the first submerged floating 
tunnel to be built. 
88 L. Skorpa / Procedia Engineering 4 (2010) 81–89
 L. Skorpa / Procedia Engineering 2 (2010) 000–000 9
Fig. 8. Submerged floating tunnel in an urban waterfront area 
6. Conclusion 
The feasibility study is not yet completed, but the results so far strongly indicate that it will be possible to cross 
the Sognefjord with a submerged floating tunnel. The study also shows that different SFT alternatives, with different 
qualities when comparing strength, influence on ships traffic, safety, and economy as well as environmental aspects,  
have to be studied into further detail before final design. In addition, the combination of a floating bridge and a SFT, 
with the SFT element underneath the ships channel, has turned out to be a realistic alternative. 
To the Norwegian Public Roads Administration the result also are of great value to other extreme fjord crossings 
in addition to the specific Sognefjord crossing. Another aspect is the possible use of the results to crossing projects 
in scenic and urban waterfront areas all around the world.  
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